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Introduction {#jah31572-sec-0005}
============

Although the rate of in‐stent restenosis (ISR) is significantly lower after coronary drug‐eluting stent (DES) implantation than it was during the bare metal stent (BMS) era,[1](#jah31572-bib-0001){ref-type="ref"}, [2](#jah31572-bib-0002){ref-type="ref"} the total number of ISR cases is increasing as the number of implanted DESs is increasing. In addition, worse outcomes after repeat revascularization are reported for DES restenosis compared with BMS restenosis.[3](#jah31572-bib-0003){ref-type="ref"}, [4](#jah31572-bib-0004){ref-type="ref"}, [5](#jah31572-bib-0005){ref-type="ref"} Patients might be recommended for further angiographic evaluation to detect ISR or other coronary progressive obstruction when chest symptoms occur during the poststent follow‐up period. However, half of patients with ISR remain asymptomatic,[6](#jah31572-bib-0006){ref-type="ref"} and might be underdiagnosed without further diagnostic tests. Detection and management of DES‐ISR is an emerging issue that requires careful evaluation of the restenosed lesion; thus, a simple, noninvasive method for identifying ISR‐prone patients might help to determine the need for further angiographic workup.

The vascular endothelium attenuates vascular smooth muscle proliferation via the release of endothelium‐derived nitric oxide,[7](#jah31572-bib-0007){ref-type="ref"} an essential pathologic finding of ISR.[8](#jah31572-bib-0008){ref-type="ref"} During the BMS era, peripheral endothelial dysfunction assessed by forearm flow‐mediated dilation (FMD) was shown to be a strong predictor of BMS‐ISR.[9](#jah31572-bib-0009){ref-type="ref"} However, to our knowledge, no studies evaluated the relationship between endothelial dysfunction and DES‐ISR. Furthermore, results of FMD can vary because of technical problems encountered during measurement (poor reproducibility of FMD in vivo due mainly to physiological factors); thus, FMD is not standardized among institutions.[10](#jah31572-bib-0010){ref-type="ref"} However, Kuvin et al developed reactive hyperemia--peripheral arterial tonometry (RH‐PAT), a noninvasive, automated clinical test for digital measurement of hyperemic‐vessel response that evaluates endothelial dysfunction and has low intra‐ and interobserver variability.[11](#jah31572-bib-0011){ref-type="ref"} The Framingham Heart Study reported that RH‐PAT indices (RHIs) were inversely correlated with various cardiovascular risk factors,[12](#jah31572-bib-0012){ref-type="ref"} indicating the clinical utility and predictive value of RH‐PAT. In this prospective cohort study, we hypothesized that peripheral endothelial dysfunction assessed by RH‐PAT could predict the occurrence of ISR after percutaneous coronary intervention (PCI) in the current DES era.

Methods {#jah31572-sec-0006}
=======

Study Population and Protocol {#jah31572-sec-0007}
-----------------------------

This was a prospective observational study of all consecutive patients with coronary artery disease treated with PCI at Kumamoto University Hospital between January 2010 and September 2012. This study was designed as part of our previous prospective single‐center registry (NCT00737945). The inclusion criterion was treatment with PCI for significant coronary artery disease with documented evidence of myocardial ischemia. Exclusion criteria were balloon angioplasty only without stent deployment (n=15); death during hospitalization (n=11); and comorbidities affecting RH‐PAT results such as hemodialysis (n=40), advanced cancer (n=22), post breast cancer surgery (n=3), dementia (n=23), collagen disease (n=17), and RH‐PAT not performed for unknown reasons (n=14). Five hundred thirteen patients underwent PCI at our institution over the study period, and after evaluation for exclusion criteria, 368 consecutive patients were initially enrolled in the study, and in these patients ISR and follow‐up (F/U) RH‐PAT were evaluated at the time of F/U coronary angiography (CAG) performed 6 and 9 months after PCI with BMS and DES, respectively. We compared RH‐PAT between the ISR and non‐ISR groups (Figure [1](#jah31572-fig-0001){ref-type="fig"}).

![Flowchart of patient enrollment in the present study. During the study F/U period, F/U CAG was not performed in 100 patients, and F/U RH‐PAT was not performed in 19 patients. Excluding these subjects, 249 patients represent the study population in the current study. BMS indicates bare‐metal stent; CAG, coronary angiography; DES, drug‐eluting stent; F/U, follow‐up; ISR, in‐stent restenosis; PCI, percutaneous coronary intervention; RH‐PAT, reactive hyperemia--peripheral arterial tonometry.](JAH3-5-e003202-g001){#jah31572-fig-0001}

Coronary risk factors included diabetes mellitus (diet‐controlled or treated with oral agents or insulin), hypertension (treated medically only), hyperlipidemia (treated medically or measuring \>220 mg/dL), current smoking (smoking within 1 year), and family history of coronary artery disease.

The study complied with the Declaration of the Helsinki with respect to investigation in humans, was approved by an institutional review committee, and was conducted in accordance with the guidelines of the ethics committee at Kumamoto University Hospital. Written informed consent was obtained from all patients. This study was registered with [Clinicaltrials.gov](http://Clinicaltrials.gov), number NCT02131935.

Angiographic Analysis {#jah31572-sec-0008}
---------------------

Routine F/U angiography has been integrated into clinical practice to diagnose ISR in Japan. ISR was defined as percent diameter stenosis \>50% at F/U angiography assessed by quantitative CAG. Cineangiograms were analyzed with a computer‐assisted automated edge‐detection algorithm (CAAS 5.7.0; Pie Medical Imaging, Maastricht, Netherlands) by 2 experienced investigators who were not aware of the purpose of this study. Lesion length, minimum lumen diameter, reference diameter, and percent diameter stenosis were measured at index procedures and at F/U angiography. Based on these parameters, acute gain and late lumen loss were calculated. When stents were implanted in multiple vessels, the most restenosed segment by quantitative CAG was selected as the representative stented lesion for the current analysis.

Measurement of RHI {#jah31572-sec-0009}
------------------

RHI was measured using the RH‐PAT system (EndoPAT 2000; Itamar Medical, Caesarea, Israel) before PCI (initial RHI) and at F/U angiography (F/U RHI) using the following method: A blood pressure cuff was placed on 1 upper arm with the contralateral arm serving as a control. A PAT probe was placed on 1 finger of each hand. After a 5‐minute equilibration period, the cuff was inflated to 60 mm Hg above the systolic pressure or to 200 mm Hg for 5 minutes, then deflated to induce reactive hyperemia. RHI reflected the extent of reactive hyperemia and was calculated as the ratio of the average amplitude of the PAT signal over 1 minute, starting 1.5 minutes after cuff deflation (control arm, A; occluded arm, C) divided by the average amplitude of the PAT signal of a 2.5‐minute time period before cuff inflation (control arm, B; occluded arm, D). Thus, RHI=(C/D)/(A/B)×baseline correction. RHI values themselves were not normally distributed both at index PCI procedure and at F/U angiography; therefore, we used a natural logarithmic transformation of RHI. RH‐PAT measurement is largely operator independent, and a computerized algorithm with an online system automatically calculates RHI; thus, there is minimal inter‐ and intraoperator variability. For assessment of day‐to‐day and intraobserver reproducibility of RH‐PAT, based on the Bland‐Altman plot, the 95% CI of the mean difference of 2 measurements included zero (95% CI: −0.16 to 0.11), and the slope of the regression line in the Bland‐Altman plot was not significantly different from zero (*r*=0.07, *P*=0.69). For assessment of the interobserver reproducibility of RH‐PAT, the 95% CI of the mean difference of 2 measurements included zero (95% CI: −0.34 to 0.23), and the slope of regression line of the Bland‐Altman plot was not significantly different from zero (*r*=−0.02, *P*=1.00). Therefore, both fixed and proportional biases were assumed not to exist.[13](#jah31572-bib-0013){ref-type="ref"} RH‐PAT studies were performed when patients were in stable condition after medical therapies and complete revascularization for acute coronary syndrome; in the early morning; with patients in a fasting state, before taking any medications.

Statistical Analysis {#jah31572-sec-0010}
--------------------

A prospective observational study has been planned to evaluate the prognostic impact of RHI on ISR. Based on our preliminary analysis with consecutive patients who underwent PCI and follow‐up CAG and who were recruited from January 2009 to December 2009, ln(RHI) was measured as follows: 0.54 in patients with ISR, 0.64 in patients without ISR, and the SD of this scale was 0.27. Also, the rate of ISR was anticipated to be ≈25%. A sample size of 244 patients who underwent PCI (183 in non‐ISR group, and 61 in ISR group) will be sufficient to detect a difference of ln(RHI) between the ISR and non‐ISR groups at follow‐up CAG, with 80% power and a 5% significance level.

Statistical analysis was performed using SPSS Statistics for Windows, Version 22.0 (IBM Corp., Armonk, NY). Continuous variables (mean± SD) were compared using unpaired Student *t* test or the Mann--Whitney *U*‐test. Categorical variables (frequencies) were compared using χ^2^ statistics or Fisher\'s exact test. Logistic regression analysis was employed to determine predictors of ISR. Significant variables (*P*\<0.05 in the univariate analysis) were entered into multivariate analysis. Receiver operating characteristic (ROC) curves were constructed for RHI to predict occurrence of ISR. The area under the curve, sensitivity, and specificity were calculated to predict the ability of RHI to detect patients with ISR, with an area under the curve value of 0.50 indicating no accuracy and a value of 1.00 indicating maximal accuracy. We defined optimal thresholds for RHI by maximizing the sum of sensitivity and specificity.[14](#jah31572-bib-0014){ref-type="ref"} The incremental effect of adding RHI to previously reported ISR risk factors (diabetes mellitus, total stent length, minimum stent diameter) to predict future ISR events[15](#jah31572-bib-0015){ref-type="ref"}, [16](#jah31572-bib-0016){ref-type="ref"}, [17](#jah31572-bib-0017){ref-type="ref"} was evaluated by comparing area under the curves between traditional risk factors only and traditional risk factors plus RHI according to the method of DeLong et al.[18](#jah31572-bib-0018){ref-type="ref"} Also, the incremental prognostic ability of RHI was evaluated by the net reclassification index.[19](#jah31572-bib-0019){ref-type="ref"} A *P*\<0.05 was considered significant.

Results {#jah31572-sec-0011}
=======

Study Population {#jah31572-sec-0012}
----------------

During the study follow‐up period, F/U CAG was not done in 100 patients, and F/U RH‐PAT was not performed in 19 patients. After excluding these subjects, 249 patients represented the study population in the current study (Figure [1](#jah31572-fig-0001){ref-type="fig"}). F/U CAG identified 68 patients with ISR (27.3%). As previously noted, ISR was defined as percent diameter stenosis \>50% at F/U angiography assessed by quantitative CAG, not defined as clinically ischemia‐driven. A 27.3% restenosis rate was derived from entire cohort including DES‐ISR and BMS‐ISR. In patients treated with DES only, the ISR rate was 19.4%. When defining the ISR as percent diameter stenosis \>75% at F/U CAG, the ISR rate was 7.2%. In Table [1](#jah31572-tbl-0001){ref-type="table-wrap"}, baseline clinical and procedural characteristics of the ISR group (n=68) were compared with those of the non‐ISR group (n=181). There were no significant differences in age, sex, global heart function, and previous myocardial infarction between groups. However, current smoking and clinical presentation of acute coronary syndrome at the index PCI procedure were significantly more common in the ISR group than in the non‐ISR group. Right coronary artery stenting was significantly more common in the ISR group than in the non‐ISR group, and longer and multiple stents and BMS use were significantly associated with ISR.

###### 

Baseline Clinical and Procedural Characteristics

  Variables                                                 ISR (+) (n=68)   ISR (−) (n=181)   *P* Value
  --------------------------------------------------------- ---------------- ----------------- -----------
  Clinical parameters                                                                          
  Age, y                                                    71.6±9.3         69.7±10.2         0.18
  Male sex, n (%)                                           52 (76)          116 (64)          0.06
  Coronary risk factors                                                                        
  Hypertension, n (%)                                       48 (71)          137 (76)          0.41
  Dyslipidemia, n (%)                                       53 (78)          148 (82)          0.50
  Diabetes mellitus, n (%)                                  39 (57)          92 (51)           0.36
  Current smoking, n (%)                                    22 (32)          32 (18)           0.01
  Family history of coronary artery disease, n (%)          18 (26)          44 (24)           0.73
  Clinical presentation of acute coronary syndrome, n (%)   32 (47)          56 (31)           0.01
  Prior myocardial infarction, n (%)                        14 (21)          36 (20)           0.90
  Left ventricular ejection fraction, %                     58.9±7.8         60.2±9.5          0.33
  Procedural parameters                                                                        
  Stented vessel                                                                               
  Left main trunk, n (%)                                    13 (19)          30 (17)           0.64
  Left anterior descending, n (%)                           44 (65)          115 (64)          0.17
  Left circumflex, n (%)                                    15 (22)          56 (31)           0.86
  Right, n (%)                                              43 (63)          74 (41)           \<0.01
  Number of diseased coronary vessels                       0.24                               
  One, n (%)                                                39 (57)          124 (69)          
  Two, n (%)                                                23 (34)          47 (26)           
  Three, n (%)                                              6 (9)            10 (6)            
  Chronic total occlusion, n (%)                            14 (21)          23 (13)           0.12
  Bifurcations with kissing balloon technique, n (%)        11 (16)          26 (14)           0.72
  Number of stents, n                                       2.7±1.9          2.0±1.3           \<0.01
  Total stent length, mm                                    60.5±44.5        43.2±32.3         \<0.01
  Minimum stent diameter, mm                                2.8±0.4          2.9±0.4           0.13
  Bare metal stent use, n (%)                               33 (49)          36 (20)           \<0.01

Data are presented as mean±SD or number (%). ISR indicates in‐stent restenosis.

Medications and Laboratory Values at Baseline and Follow‐Up {#jah31572-sec-0013}
-----------------------------------------------------------

Concomitant medications and laboratory values at baseline and follow‐up that could affect the rate of ISR are presented in Table [2](#jah31572-tbl-0002){ref-type="table-wrap"}. Clopidogrel at F/U, statins at baseline, and calcium antagonists at F/U were prescribed less often in the ISR group, probably reflecting the higher rate of clinical presentation with acute myocardial infarction with BMS use in the ISR group. High‐density‐lipoprotein cholesterol was significantly lower in the ISR group than in the non‐ISR group at both baseline and F/U.

###### 

Concomitant Medications and Blood Examination Parameters

                                 Baseline    Follow‐Up                                  
  ------------------------------ ----------- ----------- ------ ----------- ----------- --------
  Concomitant medications                                                               
  Aspirin                        43 (63%)    131 (72%)   0.16   67 (99%)    180 (99%)   0.47
  Clopidogrel                    18 (26%)    44 (24%)    0.73   51 (75%)    160 (88%)   0.01
  Statins                        34 (50%)    124 (69%)   0.01   60 (88%)    171 (94%)   0.09
  ACE inhibitors                 8 (12%)     24 (13%)    0.75   26 (38%)    52 (29%)    0.15
  ARB                            27 (40%)    68 (38%)    0.76   26 (38%)    69 (38%)    0.98
  β‐blockers                     26 (38%)    85 (47%)    0.22   58 (85%)    137 (76%)   0.10
  Calcium antagonists            31 (46%)    96 (53%)    0.29   29 (43%)    117 (65%)   \<0.01
  Nitrates                       14 (21%)    35 (19%)    0.82   7 (10%)     24 (13%)    0.53
  Antidiabetic agents            30 (44%)    73 (40%)    0.59   34 (50%)    76 (42%)    0.26
  Blood examination parameters                                                          
  TC, mg/dL                      157±31      158±35      0.83   141±25      139±26      0.43
  LDL‐C, mg/dL                   94±28       93±33       0.73   77±23       72±20       0.15
  HDL‐C, mg/dL                   44±11       47±11       0.04   46±10       49±12       0.04
  Triglycerides, mg/dL           119±53      123±59      0.57   129±68      119±66      0.29
  HbA1c, %                       7.0±1.2     6.9±1.2     0.66   6.8±1.2     6.8±1.0     0.83
  Creatinine, mg/dL              0.82±0.27   0.84±0.23   0.49   0.86±0.24   0.86±0.24   0.85
  hs CRP, mg/dL                  0.62±1.28   0.51±1.19   0.53   0.19±0.48   0.21±0.99   0.86

Data are presented as mean±SD or number (%). ACE indicates angiotensin‐converting enzyme; ARB, angiotensin II‐receptor blockers; HbA1c, hemoglobin A1c; HDL‐C, high‐density lipoprotein cholesterol; hs CRP, high‐sensitivity C‐reactive protein; ISR, in‐stent restenosis; LDL‐C, low‐density lipoprotein cholesterol; TC, total cholesterol.

Quantitative CAG Findings {#jah31572-sec-0014}
-------------------------

Table [3](#jah31572-tbl-0003){ref-type="table-wrap"} presents summary data for quantitative CAG findings. No significant differences were observed in the target lesions, reference lumen diameter, minimum lumen diameter, and percent diameter stenosis immediately after PCI. Evaluation of the morphology of the original angiographic lesion revealed significantly longer lesion length, smaller reference diameter, and smaller pre‐PCI minimum lumen diameter in the ISR group than in the non‐ISR group. At F/U, minimum lumen diameter was significantly greater, and late lumen loss was significantly smaller, in the non‐ISR group.

###### 

Serial Quantitative Coronary Angiography of Most Restenosed Site at Follow‐Up

  Variables                                     ISR (+) (n=68)   ISR (−) (n=181)   *P* Value
  --------------------------------------------- ---------------- ----------------- -----------
  Baseline quantitative coronary angiography                                       
  Lesion length, mm                             22.6±17.2        17.9±12.5         0.02
  Reference diameter, mm                        2.43±0.68        2.63±0.54         0.01
  Pre‐PCI minimum lumen diameter, mm            0.51±0.51        0.68±0.45         0.01
  Post‐PCI minimum lumen diameter, mm           2.32±0.49        2.46±0.48         0.05
  Residual percent diameter stenosis, %         9.8±8.8          8.6±7.3           0.31
  Acute gain, mm                                1.82±0.58        1.78±0.63         0.67
  Follow‐up quantitative coronary angiography                                      
  Minimum lumen diameter, mm                    0.92±0.52        2.50±0.53         \<0.01
  Percent diameter stenosis, %                  68.4±16.1        14.1±11.0         \<0.01
  Late lumen loss, mm                           1.40±0.56        −0.05±0.48        \<0.01

Data are presented as mean±SD. ISR indicates in‐stent restenosis; PCI, percutaneous coronary intervention.

Impact of Endothelial Function on ISR {#jah31572-sec-0015}
-------------------------------------

Figure [2](#jah31572-fig-0002){ref-type="fig"} shows representative records of RH‐PAT signals and CAG for ISR and non‐ISR patients. The ISR group was found to have a significantly lower F/U ln(RHI) than the non‐ISR group, whereas the difference in initial ln(RHI) between groups was not significant (Figure [3](#jah31572-fig-0003){ref-type="fig"}). The same results were obtained when using the raw RHI value (Figure S1). In patients without ISR, ln(RHI) at the F/U period significantly improved from initial ln(RHI) (*P*=0.03), whereas the F/U ln(RHI) in patients with ISR tended to deteriorate compared with the initial ln(RHI) (*P*=0.08). The serial change in RHI was also associated with ISR. Absolute change in ln(RHI) was −0.15±0.56 in the ISR group and 0.08±0.57 in the non‐ISR group (*P*=0.004). ISR occurred more frequently in the worsening‐ln(RHI) group than in the improving‐ln(RHI) group (43 of 122 \[35%\] versus 25 of 127 \[20%\], *P*=0.006).

![Representative records of RH‐PAT signals and CAG in ISR and non‐ISR patients. A, Typical ISR patient. B, Non‐ISR patient. CAG indicates coronary angiography; F/U, follow‐up; ISR, in‐stent restenosis; ln‐RHI, natural logarithm of reactive hyperemia--peripheral arterial tonometry index; PCI, percutaneous coronary intervention; RH‐PAT, reactive hyperemia--peripheral arterial tonometry.](JAH3-5-e003202-g002){#jah31572-fig-0002}

![RHI and ISR. ln(RHI) in ISR and non‐ISR patients at (A) index percutaneous coronary intervention and (B) F/U. Bars represent averages of the ln(RHI) in each group; error bars indicate 1 SD. F/U indicates follow‐up; ISR, in‐stent restenosis; ln(RHI), natural logarithm of reactive hyperemia--peripheral arterial tonometry index.](JAH3-5-e003202-g003){#jah31572-fig-0003}

Even after adjustment for other significant parameters in univariate analysis (BMS use, right coronary artery stenting, total stent length, calcium antagonist use, current smoking, post‐PCI minimum lumen diameter, high‐density‐lipoprotein cholesterol, and clinical presentation of acute coronary syndrome), multivariate logistic regression analysis revealed F/U ln(RHI) to be an independent predictor of ISR (odds ratio 0.13; 95% CI: 0.04--0.48, *P*=0.002) (Table [4](#jah31572-tbl-0004){ref-type="table-wrap"}). Furthermore, among patients with only DES implanted, RHI was also found to be a significant factor in predicting ISR by multiple logistic regression analysis (odds ratio 0.09; 95% CI: 0.02--0.49; *P*=0.006) after adjusting for parameters identified to be significant in univariate analysis (total stent length, post‐PCI minimum lumen diameter, and diabetes mellitus).

###### 

Multiple Logistic Regression Analysis: Predictors of In‐Stent Restenosis

  Variables                        Odds Ratio   95% CI         *P* Value
  -------------------------------- ------------ -------------- -----------
  ln(RHI) at follow‐up period      0.13         0.04 to 0.48   0.002
  BMS use                          3.56         1.42 to 8.93   0.007
  Right coronary artery stenting   2.01         0.98 to 4.10   0.06
  Total stent length, mm           1.01         1.00 to 1.02   0.07
  Calcium antagonist use           0.56         0.29 to 1.08   0.08
  Current smoking                  1.84         0.89 to 3.83   0.10
  Post‐PCI MLD, mm                 0.56         0.27 to 1.15   0.11
  HDL‐C, mg/dL                     0.98         0.96 to 1.02   0.30
  Clinical presentation of ACS     1.15         0.47 to 2.82   0.77

ACS indicates acute coronary syndrome; BMS, bare‐metal stent; HDL‐C, high‐density lipoprotein cholesterol; ln(RHI), natural logarithm of reactive hyperemia--peripheral arterial tonometry index; MLD, minimum lumen diameter; PCI, percutaneous coronary intervention; RHI, reactive hyperemia--peripheral arterial tonometry index.

ROC Analysis for RHI to Predict Occurrence of ISR {#jah31572-sec-0016}
-------------------------------------------------

ROC curves were constructed to assess the ability of RHI to predict the occurrence of ISR. The area under the curve for detection of ISR was 0.67 (95% CI: 0.60--0.75; *P*\<0.01) of RHI in all patients (Figure [4](#jah31572-fig-0004){ref-type="fig"}A) and 0.67 (95% CI: 0.57--0.77; *P*\<0.01) of RHI in DES‐only patients (Figure [4](#jah31572-fig-0004){ref-type="fig"}B), and 0.68 (95% CI: 0.55--0.81; *P*=0.01) of RHI in BMS‐only patients (Figure [4](#jah31572-fig-0004){ref-type="fig"}C). Using an RHI cutoff value of 1.73, the sensitivity and specificity for the detection of ISR were 67.6% and 64.1% for all patients and 64.1% and 65.7% for DES patients, respectively. Using an RHI cutoff value of 1.87, the sensitivity and specificity for the detection of ISR were 63.9% and 78.8% for BMS‐only patients.

![ROC curves to identify ISR. ROC curves for RHI identifying patients with ISR for (A) all patients, (B) patients with DES implantation, and (C) patients with BMS implantation. AUC for detection of ISR was 0.67 (95% CI: 0.60--0.75; *P*\<0.01) of RHI in all patients, 0.67 (95% CI: 0.57--0.77; *P*\<0.01) of RHI in DES‐only patients alone, and 0.68 (95% CI: 0.55--0.81; *P*=0.01) of RHI in BMS‐only patients. AUC indicates area under the curve; BMS, bare‐metal stent; DES, drug‐eluting stent; ISR, in‐stent restenosis; RHI, reactive hyperemia--peripheral arterial tonometry index; ROC, receiver operating characteristic.](JAH3-5-e003202-g004){#jah31572-fig-0004}

Incremental Prognostic Ability of RHI {#jah31572-sec-0017}
-------------------------------------

To assess the incremental prognostic ability of RHI, ROC analysis was performed for the logistic regression models of known traditional risk factors alone (diabetes mellitus, total stent length, and minimum stent diameter) and traditional risk factors plus RHI, and the area under the curves were compared (Figure [5](#jah31572-fig-0005){ref-type="fig"}). ROC analysis indicated that the area under the curve was 0.62 (95% CI: 0.54--0.70) for traditional risk factors alone. However, area under the curve increased to 0.70 (95% CI: 0.63--0.78) and the difference in area under the curve was statistically significant after adding RHI to traditional risk factors (*P*=0.02, Figure [5](#jah31572-fig-0005){ref-type="fig"}A). Moreover, in subgroup analysis of DES‐only patients, area under the curve increased from 0.72 (95% CI: 0.62--0.83) to 0.78 (95% CI: 0.69--0.86) after adding RHI to the traditional risk factors (Figure [5](#jah31572-fig-0005){ref-type="fig"}B); in subgroup analysis of BMS‐only patients, area under the curve increased from 0.65 (95% CI: 0.52--0.78) to 0.73 (95% CI: 0.60--0.85) after adding RHI to the traditional risk factors (Figure [5](#jah31572-fig-0005){ref-type="fig"}C). We also reclassified the risks of known traditional ISR factors after PCI. The net reclassification index was significant with the inclusion of RHI (17.7% for non‐ISR patients, 8.8% for ISR patients, and 26.5% overall; *P*=0.002) (Table [5](#jah31572-tbl-0005){ref-type="table-wrap"}).

![Comparison of ROC curves to identify ISR between traditional risk factors only and traditional risk factors+RHI in all patients, DES patients, and BMS patients. ROC curves for traditional risk factors only and traditional risk factors+RHI to identify ISR in (A) all patients, (B) patients with DES implantation, and (C) patients with BMS implantation. AUC indicates area under the curve; BMS, bare‐metal stent; DES, drug‐eluting stent; ISR, in‐stent restenosis; RHI, reactive hyperemia--peripheral arterial tonometry index; ROC, receiver operating characteristic.](JAH3-5-e003202-g005){#jah31572-fig-0005}

###### 

Reclassification by Addition of RHI to Traditional ISR Risk Factors[a](#jah31572-note-0007){ref-type="fn"}

  Original Risk Category[b](#jah31572-note-0008){ref-type="fn"} (Using Traditional ISR Risk Factor Alone)   New Risk Category (Using Traditional ISR Risk Factor+RHI)        
  --------------------------------------------------------------------------------------------------------- ----------------------------------------------------------- ---- ----
  Patients without ISR (n=181)                                                                                                                                               
  Low risk                                                                                                  19                                                          10   0
  Intermediate risk                                                                                         51                                                          76   12
  High risk                                                                                                 1                                                           2    10
  Patients with ISR (n=68)                                                                                                                                                   
  Low risk                                                                                                  2                                                           6    0
  Intermediate risk                                                                                         9                                                           31   9
  High risk                                                                                                 0                                                           0    11

Net reclassification index was 17.7% (32 of 181 patients) for patients without ISR, 8.8% (6 of 68 patients) for those with ISR, and 26.5% for all patients (*P*=0.002) when RHI was used in conjunction with traditional ISR risk factors. ISR indicates in‐stent restenosis; RHI, reactive hyperemia--peripheral arterial tonometry index.

Traditional risk factors: diabetes mellitus, total stent length, and stent diameter.

Low risk: \<20%; intermediate risk: 20% to 40%; high risk: \>40%.

Discussion {#jah31572-sec-0018}
==========

To our knowledge, this is the first report to reveal that peripheral endothelial dysfunction as assessed by RH‐PAT can predict the occurrence of ISR after PCI in the current DES era. In this prospective study, significantly impaired endothelial function at F/U was observed in patients with ISR, and RHI at F/U was significantly correlated with the presence of ISR independently of various comorbidities and known traditional ISR risk factors. Furthermore, the addition of RHI‐derived endothelial dysfunction to the previously described ISR prognostic factors improved risk stratification in patients with ISR. These findings suggest that an additional physiological assessment of endothelial function could be of clinical value in the identification of patients vulnerable to developing ISR.

Endothelial Dysfunction as an Underlying Mechanism of ISR {#jah31572-sec-0019}
---------------------------------------------------------

The development of ISR is a complex and multifactorial process.[20](#jah31572-bib-0020){ref-type="ref"} Over the years, many predictive clinical, biological, genetic, lesion‐related, and procedural risk factors for restenosis have been identified (eg, diabetes mellitus, stent length, stent diameter, extent of medial injury during angioplasty, and resistance to the eluting drug). Although the underlying causes are yet to be completely elucidated, ISR represents an abnormal vascular response to, and repair of, injury that results in excessive tissue growth and is most likely another manifestation of the same atherosclerotic disease. The status of the vascular wall, especially the vascular endothelium, is the key component of the response to the vascular injury initiated by coronary stenting. In fact, it has previously been shown that endothelial‐derived nitric oxide suppresses smooth muscle cell proliferation, leading to inhibition of intimal hyperplasia after vascular injury in animal models.[7](#jah31572-bib-0007){ref-type="ref"}, [21](#jah31572-bib-0021){ref-type="ref"} Recently, it has been reported that traditional coronary risk factors and/or coronary atherosclerosis changes the mediator of flow‐induced vasodilation from endothelial‐derived nitric oxide to hydrogen peroxide in the human coronary circulation[22](#jah31572-bib-0022){ref-type="ref"}; moreover, although the upregulation of hydrogen peroxide preserves flow‐induced vasodilation, it may produce chronic structural changes in the coronary artery.[23](#jah31572-bib-0023){ref-type="ref"} This means coronary endothelial dysfunction plays an extremely important role in the development of ISR. In a prior study by Bonetti et al,[24](#jah31572-bib-0024){ref-type="ref"} RH‐PAT was found to be closely correlated with coronary endothelial function assessed using intracoronary injection of acetylcholine during coronary catheterization, which is the "gold standard." These findings might help explain the significant relationship between ISR and RH‐PAT‐derived endothelial dysfunction observed in the present study.

We recently reported that endothelial dysfunction has been recognized as a surrogate for atherosclerotic‐disease activity and is an independent predictor of cardiovascular events and prognosis.[25](#jah31572-bib-0025){ref-type="ref"} Also, our institute has consistently demonstrated that RH‐PAT‐derived endothelial dysfunction can predict future cardiovascular events in a broad range of heart disease: (1) female patients,[26](#jah31572-bib-0026){ref-type="ref"} (2) patients with heart failure with preserved ejection fraction,[27](#jah31572-bib-0027){ref-type="ref"} (3) high‐risk patients,[25](#jah31572-bib-0025){ref-type="ref"} (4) patients with chronic kidney disease,[28](#jah31572-bib-0028){ref-type="ref"} and (5) patients with heart failure with reduced ejection fraction.[13](#jah31572-bib-0013){ref-type="ref"} Endothelial dysfunction can be defined as reduced bioavailability of nitric oxide, which plays many roles in maintaining vascular health (eg, regulating vasomotion). Hence, endothelial dysfunction is considered an impairment of endothelium‐dependent vasodilation. Lerman and Zeiher defined endothelial dysfunction as the *ultimate risk of the risk factors*, a summation of the integrated effects of cardiovascular risk factors.[29](#jah31572-bib-0029){ref-type="ref"} Risk factors for atherosclerosis, such as elevated serum cholesterol level, higher plasma glucose level, hypertension, smoking, aging, obesity, chronic infection, and inflammation, can all disrupt this balance and lead to endothelial dysfunction. Taken together, we suggest that peripheral microvascular endothelial dysfunction could be associated with, and considered a barometer of, the total burden of cardiovascular risk, or as described by Lerman et al, *ultimate risk of the risk factors*.[29](#jah31572-bib-0029){ref-type="ref"} Another perspective is that endothelial dysfunction, as assessed by RHI, can be explained to a certain extent by clinically evident risk factors,[30](#jah31572-bib-0030){ref-type="ref"} which suggests that the majority of pathogenic factors contributing to endothelial dysfunction have not yet been fully clarified. Healthcare professionals must therefore recognize that a clinical assessment of endothelial function could be an integrated parameter reflecting unknown atherogenic factors, including mental stress, environmental and genetic background, and even residual risks. In the current study, the prognostic ability of RHI for ISR was significantly stronger than that of other factors, perhaps because RHI acted as a summation of the integrated effects of cardiovascular risk factors, although other, already known ISR factors were also associated with the occurrence of ISR.

Endothelial Function and ISR in the Literature {#jah31572-sec-0020}
----------------------------------------------

In the BMS era, 2 studies using FMD to assess peripheral endothelial dysfunction showed the relationship between endothelial dysfunction at F/U and ISR. Our results are consistent with those observed by Kitta et al,[31](#jah31572-bib-0031){ref-type="ref"} who found that impairment of FMD at the time of 6‐month F/U was independently associated with late ISR (defined as \>50% diameter stenosis) in native coronary arteries, whereas baseline FMD did not show such an association. In the study by Patti et al,[32](#jah31572-bib-0032){ref-type="ref"} impaired FMD assessed 30 days after PCI independently predicted the occurrence of ISR at 6‐month F/U. In their retrospective study, Kitta et al measured FMD before and 6 months after PCI in 141 consecutive patients and showed that impairment of FMD in the brachial artery at the time of F/U was independently and closely associated with late ISR in native coronary arteries. However, this study was retrospective in design and included only patients with BMS placement. Patti et al, in their prospective study, conducted during the BMS era, demonstrated that impaired FMD independently predicted the occurrence of ISR. However, because F/U angiography was performed in the presence of signs or symptoms of myocardial ischemia and only clinical ISR was evaluated, the relationship between overall binary ISR rate and endothelial function was not determined. In both studies, endothelial function was related to late ISR at F/U but not at index PCI. Similar to their findings, RHI at index PCI also showed no relationship to late ISR in the current study. A possible explanation is that initial RHI reflects the history of atherosclerosis up to the point of index PCI but that F/U RHI reflects endothelial function between index PCI and F/U. It seems clear that our patient cohort was treated with current optimal medical therapy, including dual antiplatelet therapy and statins. However, many studies have shown that endothelial function measured by RH‐PAT is reversible using both pharmacological and nonpharmacological treatments,[33](#jah31572-bib-0033){ref-type="ref"}, [34](#jah31572-bib-0034){ref-type="ref"}, [35](#jah31572-bib-0035){ref-type="ref"} which suggests that endothelial dysfunction may be a therapeutic target for reducing residual risk, even in patients successfully treated with coronary stenting and optimal medical therapy. Thus, improving endothelial dysfunction (if present) by pharmacological or nonpharmacological means after PCI may be a promising strategy for reducing residual risk in patients undergoing coronary stent placement.

Advantage of RHI Compared With FMD {#jah31572-sec-0021}
----------------------------------

Endothelial function determined by brachial artery FMD has not been successfully incorporated into the current comprehensive risk stratification system because of its operator dependency and technical problems.[36](#jah31572-bib-0036){ref-type="ref"}, [37](#jah31572-bib-0037){ref-type="ref"} Added benefits of FMD to traditional risk factors in cardiovascular risk reclassification have not been established.[38](#jah31572-bib-0038){ref-type="ref"}, [39](#jah31572-bib-0039){ref-type="ref"} Digital RHI is a reproducible and less operator‐dependent technique for peripheral endothelial function assessment[11](#jah31572-bib-0011){ref-type="ref"}, [12](#jah31572-bib-0012){ref-type="ref"}, [36](#jah31572-bib-0036){ref-type="ref"}, [40](#jah31572-bib-0040){ref-type="ref"} that noninvasively reflects coronary endothelial function in a way that is practical and clinically useful.[24](#jah31572-bib-0024){ref-type="ref"} Whereas FMD attenuates markedly with advancing age, digital RHI is a good reflection of modifiable metabolic risk factors, including obesity, cholesterolemia, diabetes mellitus, and smoking,[41](#jah31572-bib-0041){ref-type="ref"} suggesting the clinical utility of RHI in providing therapeutic guidance. The use of RHI as a noninvasive assessment of endothelial function could represent an important advance in comprehensive clinical cardiovascular risk evaluation even after invasive coronary revascularization with optimal medical treatment.

Study Limitations {#jah31572-sec-0022}
-----------------

Several study limitations should be noted. First, this is a single‐center study with a relatively small number of study patients. However, to the best of our knowledge, the present study is the largest one to investigate the association between endothelial dysfunction and post‐PCI ISR prospectively in the current DES era. Second, we defined ISR as in‐stent angiographic narrowing represented by percent diameter stenosis \>50% rather than as clinical ischemia‐driven. However, RHI‐derived endothelial function was significantly impaired in patients with target‐lesion revascularization compared with those without target‐lesion revascularization. Third, patients with an extremely high risk of ISR (eg, those undergoing hemodialysis) were excluded from this study. Fourth, the higher percentage of the patients without F/U CAG and F/U RH‐PAT would create selection bias. Fifth, the F/U periods were different between patients treated with BMS and DES. However, the present study results were consistent among all cohort, BMS cohort, and DES cohort. Therefore, the robust results of the present study might not be affected by the differential F/U duration between the stent types. Furthermore, it would be expected that RHI is truly a useful device to predict ISR precisely because the RHI just prior to F/U angiography can detect the patients at high risk for the occurrence of ISR after PCI in each stent type. Sixth, the most restenosed segment was chosen for analysis in the current study. Generally, the severity of ISR has been most commonly expressed as parameters at the most restenosed segment, since such parameters at the segment were significantly associated with the occurrence of target lesion revascularization, which is one of the major adverse cardiovascular events after coronary stenting. Multicenter studies will be required to confirm our results in a larger patient population.

Conclusions {#jah31572-sec-0023}
===========

Impaired RHI at F/U angiography was independently correlated with the occurrence of ISR, adding incremental prognostic significance to ISR risk stratification in patients undergoing PCI.
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**Figure S1.** RHI and ISR. RHI in ISR and non‐ISR patients at (A) index percutaneous coronary intervention and (B) F/U. Bars represent averages of the RHI in each group; error bars indicate 1 SD. F/U indicates follow‐up; ISR, in‐stent restenosis; RHI, reactive hyperemia--peripheral arterial tonometry index.

###### 

Click here for additional data file.
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